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As a source of heat load on cryogenic sections, the electron cloud is currently a major limitation to the
intensity of some modern particle accelerators such as the LHC and its high luminosity upgrade at CERN.
During LHC operation, conditioning of the copper beam pipe surface occurs, leading to a decrease of the
cloud intensity. To understand the role of the different chemical surface components of air exposed copper
in the electron conditioning process, air exposed copper samples as well as specific model surfaces
produced in the laboratory, namely sputter-cleaned copper and carbon-free cuprous oxide (Cu2O), were
conditioned by low energy electron irradiation. Conditioning of air exposed copper results in a decrease of
the maximum secondary electron yield (SEY) below 1.1. Surface cleaning by electron stimulated
desorption and carbon graphitization without increase of the carbon surface concentration are observed by
x-ray photoelectron spectroscopy. After conditioning, the maximum SEY of both sputter-cleaned copper
and Cu2O remains higher than 1.1. No significant surface modification is observed by x-ray photoelectron
spectroscopy during irradiation for these two surfaces. These results prove that neither an increase of the
amount of surface carbon nor oxide modification is responsible for the SEY reduction observed during
electron irradiation of air exposed copper. They confirm that graphitic carbon is required to decrease the
maximum SEY of copper below 1.1.
DOI: 10.1103/PhysRevAccelBeams.22.083101
I. INTRODUCTION
During the operation of particle accelerators with high
intensity and positively charged beams, primary electrons
are generated in the beam vacuum pipe by both residual
gas ionization and photoemission induced by synchrotron
radiation hitting the chamber wall. Then, a cascade phe-
nomenon follows, the so-called electron multipacting,
involving the acceleration of primary electrons by the
beam potential, their collision with the chamber wall and
the emission of secondary electrons, leading to the buildup
of an electron cloud inside the beam vacuum chamber.
Electron multipacting in particle accelerators is responsible
for beam losses and instabilities [1] as well as vacuum
degradation [2–4]. Furthermore, as a source of heat load
on cryogenic systems, the electron cloud is currently one
of the main limitations to the beam intensity of the LHC
and its future upgrade, the high luminosity LHC [5–8].
The secondary electron yield (SEY) of the inner surface
of the beam pipe governs the multiplication of impinging
electrons and sets the threshold of beam charge and
structure for the occurrence of the electron cloud.
Several mitigation techniques have been developed to
get rid of the electron cloud, including laser engineering
of the beam pipe inner surface [9], solenoids wound around
the vacuum chamber [10], clearing electrodes [11] and low-
SEY carbon coatings [12]. Fortunately, for several materi-
als used in the vacuum system of particle accelerators, in
particular copper, the SEY decreases along the accelerator
operation time, lowering the cloud intensity. Some modern
particle accelerators partly rely on this effect [13–15]
referred to as conditioning or beam scrubbing to lower
the SEY of the beam pipe and to control the effects of the
electron cloud.
The maximum SEY of an air exposed copper surface is
about 2.0 [16,17]. When bombarded by electrons with
energies higher than 50 eV, the SEY of such a surface is
observed to decrease and reaches a saturation value of
about 1.1 [18] at a dose of 10−2 C=mm2.
The surface of an air exposed copper plate is formed by
several chemical components. The air formed layer consists
of a Cu2O layer reported in the literature to be about 1.5 nm
thick [19,20] and a thinner topmost layer containing
hydrocarbons, hydroxyl species and water [19,20].
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Several surface modifications occur during electron irra-
diation, which might be responsible for the corresponding
SEY decrease. Indeed, both surface cleaning by electron
stimulated desorption (ESD) [21,22] and graphitization of
the adventitious carbon layer [17,18,23,24] were observed.
Furthermore, an increase of carbon amount on the surface
was sometimes reported [17,23–25] and found to be neces-
sary to decrease themaximumSEYof copper to about 1.1 by
some authors [24]. Nonetheless, other mechanisms such as
oxide modification upon irradiation have to be considered.
The aim of this work is to investigate and disentangle the
role of each chemical surface component in the conditioning
process of an air exposed copper surface. For this purpose,
model surfaces were produced and studied: sputter-cleaned
copper, carbon-free cuprous oxide (Cu2O) and air exposed
copper samples have been conditioned and the ultimate
maximum SEY together with the induced surface modifi-
cations are reported and compared.
II. EXPERIMENTAL
A. Experimental setup
The experiments were carried out at room temperature in
a baked UHV system (base pressure 6 × 10−10 mbar) made
out of μ-metal. The setup is equipped for x-ray photo-
electron spectroscopy (XPS) analysis at normal emission
angle (monochromatic Al Kα source, hν ¼ 1486.7 eV) and
SEY measurement. An electron flood gun allows sample
irradiation for the conditioning study and an Arþ ion gun
is available for in situ cleaning of the samples and oxide
thickness measurements by XPS sputter depth profiling
(erosion speed calibrated for Ta2O5). An insertion chamber
(load lock), pumped by a turbomolecular pump (base
pressure 2 × 10−8 mbar) was used for inserting and oxi-
dizing samples in a controlled atmosphere. The atomic
percentages for the surface concentrations of the elements
are calculated from the respective peak areas of the XPS
spectra weighted with the respective sensitivity factors. We
estimated an error of 0.2 at. % on the low carbon content
samples, based on the instrumental carbon detection limit.
B. SEY measurement
The SEY δ is defined as the ratio of the total number of
emitted (true secondary and backscattered) electrons Is to
the number of impinging electrons Ip. SEY measurements
were carried out at normal incidence, between 0 and
1800 eV electron landing energy. The primary current Ip
was first measured applying a positive bias on the sample
(Vsa ¼ þ45 V). The bias was then switched to negative
value (Vsa ¼ −45 V) and the sample current Isa ¼ Ip − Is
was measured. The SEY is then computed: δ ¼ 1-Isa=Ip.
The fact that the system does not use a Faraday cup for the
measurement of Ip induces an error on the absolute value
of δ, since some elastically scattered electrons can escape
from the positively biased sample, thus leading to a slight
underestimation of Ip. A comparison on sputter-cleaned
copper between literature curves where measurements were
performed with a Faraday cup [16] and curves presented
here below (see Sec. III B), shows that this error is
negligible on the entire considered energy range, and is
in particular below 0.1 on the absolute maximum SEY
(δmax). The error on the values of δmax generated by the
error on the measured currents is at maximum 0.005
for all the data presented below. For each sample state, the
SEY was acquired on three different locations of the same
sample, to assess its homogeneity. The associated scattering
was at maximum 0.02 between the smallest and the highest
δmax measured on the same sample and includes the error
contribution from the current measurements. Considering
all the sources of error/uncertainty previously mentioned
we conclude that the error bars on δmax for this comparative
study are0.01. The primary current was kept below 2.5 nA
to limit the sample conditioning during the SEY measure-
ment (estimated corresponding dose: 4 × 10−7 C=mm2).
The energy scale of the SEY curves is referenced to the
Fermi level of the sample. The work function ϕ is taken as
the energy difference between Fermi and the vacuum levels,
as defined in [26]. The work function was extracted from
the low primary energy part of the SEY curve. The adopted
method, called beam-stop method, was already applied
[26,27] and is correct when the beam is impinging normally
to the surface. The value of the work function was chosen as
being at the inflexion point of the SEYdrop corresponding to
the transition from fully backscattered beam (δ ¼ 1) to partly
absorbed beam (δ < 1). This procedure is in principle exact
for a Gaussian energy beam profile and a sharp step function
as a surface potential. The accuracy of this method is
experimentally estimated to be 0.1 eV. A sputter-cleaned
gold sample (ϕ ¼ 5.3 eV [28]) was used for the calibration
of the energy scale of the SEY curves.
C. Sample preparation
The samples were 10 × 10 × 1 mm3 pieces cut from a
polycrystalline oxygen-free copper (C 10100) sheet. All
samples were either predegreased in hexane and dipped for
2h in an ultrasonic bath of ethanol or wet cleaned in a
commercial detergent, as specified later for each sample.
The sample state after any of these cleaning procedures is
referred to as “as received.” “Sputter-cleaned” samples
were obtained by in situ Arþ sputtering at 3 keVof the full
sample surface (after detergent cleaning), until only copper
and traces of argon could be detected by XPS. Carbon-free
oxidized samples were obtained from two different proc-
esses to obtain a thin and a thicker oxide layer. In the first
process, sputter-cleaned samples were transferred to the
load lock chamber, where they were vented to atmospheric
pressure with a mixture of N2 (80 mol %, purity 55) and O2
(20 mol %, purity 60) for 45 minutes. After the evacuation
of the load lock, the samples were transferred back to the
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analysis chamber. These samples are referenced as “load
lock” samples. In the second process, an as received sample
(after detergent cleaning) was oxidized for 270 h at 120 °C
in air, changing the sample surface color to blue.
Afterwards, this thick oxide sample was introduced in
the UHV system where it was shortly sputtered to remove
carbon contamination. This sputtering step is not expected
to significantly modify the oxide stoichiometry [29].
However, the production of defects within the oxide layer
cannot be excluded. The oxide thickness of these two kinds
of samples was measured by depth profiling in the XPS
system by Arþ sputtering and were found to be 1.9 and
55 nm (Ta2O5 equivalent) for load lock and thick oxide
samples respectively. These values are in agreement with
expectations from literature [30–32].
The surface morphology of these samples was observed
by scanning electron microscopy and the corresponding
images are given in Fig. 1 together with observation
performed on an as received (hexane and ethanol cleaned)
sample. The surface of the as received sample exhibits
damages such as striae characteristic for a laminated
material. Scattered cubic surface features of a few hun-
dredth of nanometers on the surface of the load lock sample
are compatible with the cubic crystallographic structure of
cuprous oxide. The surface of the thick oxide sample
appears rougher and more porous than the two other
samples, possibly as a result of the oxidation procedure.
Conditioning was carried out using a flood gun at E ¼
250 eV at normal incidence. The sample current during
irradiationwas about150 μA (measuredwithVsa ¼ þ20 V)
for an irradiated area estimated to 1000 mm2. For all
samples, the irradiation was performed up to an electron
dose of 10−2 C=mm2, where the decrease of the maximum
SEY of copper is known to saturate [18], corresponding to
about 19 h of irradiation. The pressure typically increased
from 6–7 × 10−10 mbar to about 2 × 10−9 mbar when
starting the irradiation, except for the as received sample
where the pressure increased from 1 × 10−9 mbar to
5 × 10−9 mbar. The pressure at the end of the conditioning
before stopping the flood gun was 1 × 10−9 mbar for all the
samples. During irradiation, a thermocouple fixed on the
manipulator did not show any significant change of sample
temperature. Previously to each experiment, the flood gun
was extensively degassed and the sample holder and sample
stage were baked at 250 °C in UHV for 12 h.
III. RESULTS
A summary of the surface atomic concentrations mea-
sured by XPS, electron emission parameters and work
function is presented in Table I for all the samples and their
corresponding states.
A. As received sample
After years of air exposure followed by wet cleaning
procedure with hexane and ethanol, the surface of the as
received sample exhibits an airborne contamination layer
[20] containing carbon species up to 40.6 at. %, oxygen,
nitrogen and traces of calcium and chlorine below 1 at. %.
The core level spectra for carbon, oxygen and copper of
the as received sample are shown in Fig. 2. A Cu2O layer
is identified by the position of the Cu LMM Auger line
(EK ¼ 916.4 eV) [33]. The presence of hydroxide is
deduced from the Cu 2p3=2 line at Eb ¼ 934.3 eV
[19,34], its associated satellite shape [34] and the posi-
tion of the O 1s line at Eb ¼ 531.5 eV [35]. From the
decrease of the O 1s intensity in the XPS depth profile, the
thickness of the oxide/hydroxide layer was measured to be
5.5 nm thick (equivalent Ta205).
Figure 3 shows that the maximum SEYof the as received
sample yields at 2.00 for an energy Emax of 300 eV, in line
with Refs. [16,17]. On the low energy part, the SEY goes
down to a minimum of 0.25 just above the sample vacuum
level. The yield increases then in two steps, separated by a
plateau where δ ¼ 0.55 between 8 and 16 eV above Fermi
level. The work function is 4.8 eV.
After full conditioning up to the saturation dose of
10−2 C=mm2, the maximum yield is decreased down to
1.07 and Emax is about 300–350 eV. Even though the work
function does not seem to be affected by irradiation
(ϕ ¼ 4.9 eV), the electron yield just above the vacuum
level is strongly decreased and the following increase is
(a) (b) (c)
FIG. 1. Scanning electron microscopic images of (a) as received sample after hexane and ethanol cleaning, (b) load lock oxide sample
after 1 day in air and (c) thick oxide sample. The pictures were taken with the electron beam impinging on the sample at 45 degres with
respect to the surface normal to enhance contrast.
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smoother in comparison with the as received state. Strong
surface modifications are observed by XPS as reported
in Fig. 2. Surface cleaning and chemical modifications
are observed through: the disappearance of the peak at
288.5 eVon the C 1s line, ascribed to carboxyl groups [36];
the vanishing of the copper hydroxide contribution in
the Cu 2p3=2 peak together with the shift of the O 1s line
to Eb ¼ 530.3 eV (compatible with Cu2O [19]); and the
FIG. 2. C 1s (left), O 1s (center) and Cu 2p (right) lines of as received sample, before and after a full conditioning process.
TABLE I. Summary of analyzed characteristics of all the samples and their different states: surface atomic concentrations of carbon,
oxygen, nitrogen and copper determined by XPS, electron emission parameters (δmax and Emax) and work function ϕ.
Surface atomic concentration [at. %]
Sample name C O N Cu Other δmax Emax [eV] ϕ [eV]
As received 40.6 32.0 1.9 24.3 1.2a 2.00 300 4.8
As receivedþ conditioned 36.8 12.5 2.7 45.3 2.7a 1.07 300–350 4.9
Sputter cleaned          99.3 0.7b 1.44 700 4.3
Sputter cleanedþ conditioned 1.6 0.6 0.3 97.1 0.5b 1.32 600 4.7
Sputter cleanedþ vacuum stored 1.1 0.2    98.4 0.3b 1.40 700 4.6
Load lock sample 0.5 8.4 0.1 90.6 0.4b 1.26 500 4.8
Load lockþ conditioned 1.7 7.2 0.7 89.8 0.6b 1.16 500 5.0
Thick oxide sample 0.2 15.3    83.3 1.3c 1.25 500 4.9
Thick oxideþ conditioned 2.0 14.8    82.1 1.1c 1.18 400 5.2
aCl and Ca.
bAr.
cSi and Ar.
(a) (b)
FIG. 3. (a) SEY curves from 10 to 1800 eVof an as received sample, before and after full conditioning, (b) low energy SEY curves,
inset: derivative of the SEY curves in the vacuum level region.
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decrease of the oxygen amount down to 12.5 at. %. As a
result, the area of the O 1s peak decreases and the one
below the Cu 2p line increases as clearly visible in Fig. 2.
A slight decrease of the carbon surface concentration is
also observed (Table I), in contrast to some of the previous
works [17,24,25]. In addition, a shift of the C 1s line to
lower binding energy (Eb ¼ 284.6 eV instead of 284.9 eV
before conditioning) is clearly visible, demonstrating a
graphitization of the adventitious carbon layer [37] in
accordancewith previous studies [17,18,23,24]. Part of these
effects can be ascribed to electron stimulated desorption.
B. Sputter-cleaned samples
XPS spectra acquired on a sputter-cleaned sample and
shown in Fig. 4 exhibit Cu 2p3=2 and Cu LMM Auger
peaks at Eb ¼ 932.6 eV and Ek ¼ 918.7 eV respectively,
as expected for the metallic copper state [20,33].
Apart from argon (implanted during ion bombardment),
no other element was detected. The composition in terms of
hydroxide and carbon concentrations of the sputter-cleaned
sample in its as received state (before sputtering) was
slightly different from the as received sample described
above (Sec. III A, Figs. 2 and 3) due to the different
cleaning procedures. However, in the present case, the as
received state is used only as a reference for the C 1s
position of the airborne contamination which is the same
as for the as received sample presented in Fig. 2.
The SEY curves for sputter-cleaned sample are given in
Fig. 5. The maximum SEY of such samples was measured
at δmax ¼ 1.44 for Emax ¼ 700 eV. The values and the
curve shape are consistent with literature [16,17]. The work
function was found to be between 4.2 and 4.4 eV among
several samples (4.3 eV for the sample shown in Figs. 4
and 5) in agreement with Ref. [28]. The low energy part of
the SEY curve presents some specific features: a step just
above the vacuum level as well as two bumps at 18 and
26 eV are clearly visible. Some of these structures can
be related to the band structure and plasmon energy of
FIG. 4. C 1s (left), Cu 2p (center) and Cu LMM (right) lines of a sputter-cleaned sample, before and after conditioning, and of a
sputter-cleaned sample stored under vacuum. The as received state of the sputter-cleaned sample is shown for comparison.
(a) (b)
FIG. 5. (a) SEY curves from 10 to 1800 eVof a sputter-cleaned sample, before and after conditioning, and of a sputter-cleaned sample
stored under vacuum, (b) low energy SEY curves, inset: derivative of the SEY curves in the vacuum level region.
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copper [38,39] and are not discussed further here. After a
conditioning dose of 10−2 C=mm2, carbon and oxygen were
detected to an amount of 1.6 and 0.6 at. % respectively
(Table I). These contaminants can be related to the flood gun
along the arguments presented in the following. Indeed, the
total pressure in the chamber increases up to 1.5 × 10−9 mbar
when the flood gun is powered.Meanwhile, an increase of the
peaks at m=q ¼ 16 (CH4), and m=q ¼ 44 (CO2) is observed
in the residual gas analyzer spectrum. The intensity of these
peaks remains at least one order of magnitude below the
dominant one at m=q ¼ 2 (H2). Even though the signal to
noise ratio of theC1s peak is low, a clear shift to lower binding
energy is distinguished in Fig. 4 (curves c and a), with respect
to the carbon present at the as received state of the sample.
No modification is observed neither on the Cu 2p3=2 nor the
Cu LMM Auger lines after irradiation.
The variation of the secondary electron yield during
conditioning is not the same at all primary energies. While
a slight decrease is observed above Ep ¼ 70 eV, with δmax
going down to 1.32 at Emax ¼ 600 eV, the yield between 7
and 70 eV is increased by electron irradiation. The bumps
present at 18 and 26 eV above Fermi level after sputtering
are barely visible, and the reflectivity just above the
vacuum level reaches almost zero. The work function is
increased up to 4.7 eV.
For comparison, a witness as received copper sample
was fully sputter cleaned and stored in the analysis chamber
for the same duration as the usual conditioning time.
During the storage, the flood gun was powered, but not
directly shooting onto the sample. A comparable amount of
carbon and oxygen was observed at the surface after this
vacuum storage procedure (1.1 and 0.2 at. % respectively,
see Table I). However, without directly irradiating the
sample, the C 1s line lies at the same position as the as
received state of the sample, as shown in Fig. 4. The SEY
after vacuum storage was found to be δmax ¼ 1.40 at
Emax ¼ 700 eV (Fig. 5). In addition, the features observed
on the low energy part of the SEY curve after sputtering
remain visible.
C. Oxidized samples
As observed above, the air-exposed copper surface
contains a layer of oxide and airborne adsorbates. In order
to disentangle the role of cuprous oxide and hydrocarbon
contamination in the SEY decrease during electron irradi-
ation, carbon-free oxidized copper samples were produced
and conditioned. A load lock sample was obtained by
venting a sputter-cleaned sample in 1 bar of a O2 and N2
mixture in the load lock for 45 min. The “thick oxide”
sample was prepared by heating an as received (detergent
cleaned) sample for 270 h at 120 °C in air, followed by
in situ Arþ sputtering to obtain a clean cuprous oxide
surface, free of contaminant.
The Cu LMM Auger lines for the two different kinds of
oxidized samples are shown in Fig. 6. For the load lock
sample the metallic copper peak at Ek ¼ 918.6 eV is still
the main contribution, while for the thick oxide sample the
main component is at Ek ¼ 916.6 eV (compatible with
Cu2O [33]), the bulk copper component not being visible
anymore. After oxidation, the load lock sample exhibits
traces of carbon (0.5 at. %) which are attributed to initial
impurities in the oxidation gas bottle or contamination of
the gas by the injection line. Traces of silicon up to 0.8 at.
%, probably resulting from the detergent cleaning process,
were found on the surface of the thick oxide sample.
The SEY curves for the two kinds of oxidized samples
are shown in Fig. 7 together with the curves of sputter-
cleaned sample, as a reference. Above 12 eV of landing
energy, the SEY of the two oxidized samples is identical.
Oxidation is responsible for a global decrease of the SEY
FIG. 6. (left) Cu LMM Auger lines of load lock and thick oxide samples, before and after conditioning, (right) C 1s lines of
conditioned states for load lock and thick oxide samples. The C 1s line of the as received state of the load lock sample is given as a
reference.
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above 250 eV with respect to the sputter-cleaned state.
The maximum SEY, 1.26 and 1.25 for load lock and thick
oxide samples respectively, is found at Emax ¼ 500 eV.
These values are in good agreement with previous studies
[40]. For primary energies lower than 250 eV, the yield is
increased by the oxidation process with respect to sputter-
cleaned copper. Below 30 eV and for both oxidized
samples, no structures are visible at 18 and 26 eV. For
both oxides, the work function is very similar: ϕ ¼
4.8–4.9 eV and higher than for the clean copper surface.
After conditioning of the load lock sample, 1.7 at. %
of carbon was detected on the sample surface, as for the
conditioning of the sputter-cleaned copper sample
(Table I). The oxygen amount slightly decreased down
to 7.2 at. %. For the thick oxide sample, 2.0 at. % of
carbon was found after conditioning and oxygen content
remained constant. The Cu LMM Auger line of the load
lock sample, shown in Fig. 6 (left), is slightly modified
during conditioning: the ratio Cu2O=Cu components is
slightly increased. Figure 6 (right) shows the C 1s lines of
the load lock and thick oxide samples, after full con-
ditioning, as well as the as received C 1s line of the load
lock sample, as a reference. For both the load lock and the
thick oxide samples, the conditioning induces a clear shift
of the C 1s line with respect to airborne carbon contami-
nation present at the as received state. No modification is
observed for the other element lines.
The SEY of both oxidized samples decreases at high
primary energies during conditioning. δmax yields at 1.16
and 1.18 for load lock and thick oxide samples respec-
tively, at Emax ¼ 400–500 eV. For the load lock sample,
the yield at low energies also decreases, the shape of the
SEY curve remaining the same. However, for the thick
oxide sample, in the low energy region, the SEY curves
before and after conditioning are overlapping. For both
samples, the work function increased during irradiation to
reach 5.0–5.2 eV.
IV. DISCUSSION
A. Influence of the surface components on
the secondary electron yield
The secondary electron yield of as received (air exposed)
copper strongly decreases within the entire considered
energy range during electron irradiation. In this study,
the maximum SEY δmax decreases from 2.00 to 1.07, Emax
remaining constant around 300–350 eV. XPS analysis
reveals different surface modifications including removal
of the CuðOHÞ2 surface layer and carboxyl adsorbates.
Hydroxide as well as adsorbed hydrocarbons are known to
increase the yield of cleaned surfaces [41–43]. Part of
the SEY reduction observed during irradiation can thus be
attributed to the electron stimulated desorption or con-
version of these species. In addition, since a slight carbon
surface concentration decrease was observed during irra-
diation, the further δmax decrease cannot be attributed to any
growth of a carbon layer on the sample surface, contrary to
the conclusions drawn in [24].
The conditioning of a sputter-cleaned copper sample
results in a δmax decrease from 1.44 to 1.32, while Emax
shifts from 700 to 600 eV. Only a small amount of carbon is
observed on the surface after conditioning and the C 1s line
position indicates that this carbon is more graphitic than
the airborne carbon contamination [37]. A sputter-cleaned
copper sample stored in the same vacuum conditions and
for the same duration as for a conditioning experiment
experienced a slight yield decrease and no Emax shift. Its
surface shows traces of carbon almost at the same level as
for the irradiated sputter-cleaned sample, but without shift
of the C 1s line with respect to the as received state. In this
case, the slight decrease of SEY can only be tentatively
ascribed to the coverage of adsorbates on the surface. As a
consequence of the minor δmax change and the slightly
different amount of adsorbates, the main conclusion we can
draw is that even on a pure metallic copper surface, carbon
graphitization occurs only under direct electron irradiation.
(a) (b)
FIG. 7. (a) SEY curves from 10 to 1800 eVof a load lock and thick oxide samples, before and after conditioning, (b) low energy SEY
curves, inset: derivative of the SEY curves in the vacuum level region. The sputter-cleaned state is given for comparison.
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Since no other surface modification is observed for these
two samples, the larger δmax and Emax decrease observed
for the sputter-cleaned sample during conditioning with
respect to the vacuum stored sample could be attributed to
the appearance of graphitic carbon. The ultimate δmax of
the cleaned sample after conditioning remains still much
higher than the one obtained for the conditioning of an air
exposed sample. We conclude that the decrease of δmax
down to the value observed for a conditioned air exposed
sample requires either copper oxide and/or modification of
adsorbed hydrocarbons to graphitic carbon. For the sputter-
cleaned surface, in the low energy part of the curve (below
70 eV), the SEY is increased by both the conditioning
process and the vacuum storage. This opposite trend in the
SEY variation upon surface modification depending on
primary energy was already observed [16] and was attrib-
uted to enhanced surface scattering of low energy incident
electrons due to adsorbed molecules.
The effect of copper surface oxidation on the SEY is
independent of the oxide thickness in the investigated
range. The maximum SEY of the load lock and thick
Cu2O oxide samples is 1.26 and 1.25, respectively, and
occurs at Emax ¼ 500 eV. These values are in good agree-
ment with previous studies [40]. Since the thickness of
the load lock sample is very low compared to the scale of
the copper surface roughness, the roughness is not expected
to increase significantly during this oxidation process.
Furthermore, the geometric configuration (aspect ratio
and spacing) of the cubic structures observed on the surface
of the load lock oxide will not influence the SEY of the
sample [44]. Thus, the lower maximum SEY of the load
lock oxide with respect to the sputter-cleaned sample is
unambiguously ascribed to the chemical modification of
the surface. From Fig. 1, the thick oxide sample appears
rougher and more porous than the load lock oxide. In
addition, its oxide layer is more than 25 times thicker. Both
the thicker oxide layer and the rougher surface would tend
to decrease the SEY of the thick oxide sample below the
one of the load lock sample. However, both samples exhibit
the same maximum SEY at the same incident energy. It is
thus concluded that the maximum SEY measured on the
thick oxide sample is not influenced by its apparently
rougher surface, and that the maximum SEYof the surface
does not depend on the oxide thickness above 2 nm
(equivalent Ta2O5). The oxidation process increases the
yield and strongly modifies the SEY curve shape below
250 eV. The two oxide types exhibit equivalent SEY curves
on the considered energy range. Full conditioning of
oxidized samples reduces their yield down to δmax ¼
1.16 and 1.18 for load lock and thick oxide sample,
respectively. For both samples, this decrease can be
attributed, as for the conditioning of sputter-cleaned sam-
ple, to the small amount of graphitic carbon observed on the
surface after conditioning. In all cases, the ultimate δmax
reached at the end of the conditioning remains higher than
the one measured on a fully conditioned air-exposed copper
sample. Therefore, the formation of graphitic carbon
appears to be necessary to decrease δmax down to the
ultimate value observed on an as received sample.
The experiments show that oxidation decreases Emax
with respect to sputter-cleaned copper (Table I). However,
for the as received sample, after conditioning, Emax is even
lower, at 300–350 eV. This low value cannot be explained
by the oxide layer, which is in the thickness range between
the load lock and the thick oxide samples, both giving
higher Emax. Therefore, carbon seems to be also responsible
for the low value of Emax observed on the as received
sample. Indeed, thin films of graphitic-like carbon show an
Emax around 300 eV [12].
B. Work function
In common phenomenological models of generation of
secondary electrons, both the surface barrier (work func-
tion) and the density of states play a role. It is generally
expected that an increase of work function results in a
decrease of the maximum SEY. In the following, we verify
whether the decrease of SEYobserved during conditioning
and oxidation can be explained exclusively by a modifi-
cation of work function.
For both sputter-cleaned and oxidized surfaces, the work
function was found to increase during electron irradiation
while the maximum SEY decreases. Therefore, during
conditioning, the evolution of the two quantities is con-
sistent with the expectations.
The work function of load lock sample increases from
4.3 to 4.8 eV during oxidation and the one of thick oxide
is found at 4.9 eV. Such an increase during oxidation is
coherent with previous studies [45]. The lower δmax of
oxidized samples with respect to sputter-cleaned copper
could thus be explained by the work function increase.
However, since previous studies showed that the work
function increase occurs in the first oxidation steps [45],
while the SEY decrease is rather pronounced for higher
oxidation times [41], the lower maximum SEY observed
after oxidation cannot be only ascribed to the work function
increase.
In the case of as received copper, conditioning leads to
the decrease of the SEY to the lowest measured value,
but the work function remains unchanged (variation of
þ0.1 eV, considered as the accuracy of the applied work
function measurement method). This shows that the
decrease of SEY cannot be explained only by the increase
of work function and the contribution of the change in
electronic density of states cannot be disentangled.
The most striking illustration of the fact that the work
function alone cannot explain the complex behavior of the
SEY is visible in the comparison of the as received sample
with both kinds of oxidized samples, before conditioning,
where the work function is identical while the maximum
SEY displays a large difference.
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V. CONCLUSIONS
The role of the surface components in the conditioning
process of copper was disentangled by studying three
copper model surfaces: air exposed, sputter-cleaned, and
carbon-free oxidized (Cu2O) copper. It is shown that none
of the tested carbon-free surfaces conditions down to an
ultimate δmax as low as the one obtained after the con-
ditioning of an air-exposed copper sample.
Cuprous oxide Cu2O is found to have a passive role in
reducing the maximum electron yield of a pure bulk
copper: Cu2O has a lower δmax than Cu, but no significant
SEY decrease driven by oxide modification during irradi-
ation is observed.
Carbon has an active role in reducing the maximum
electron yield. Surface carbon amount of an air-exposed
copper surface was found to slightly decrease during
irradiation. Therefore, it is concluded that an increase of
carbon coverage is not necessary to reduce the secondary
electron yield to values close to 1. It is shown that it is the
modification of the airborne carbon into a more graphitic
form during electron irradiation at 250 eV that allows
reducing the maximum electron yield of an air-exposed
copper surface down to values lower than for pure copper or
Cu2O. More studies are ongoing to investigate a possible
influence of the level of carbon contamination on the
ultimate SEY after conditioning.
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